The effects of dynamic electropulsing on phase transformations of the ZA22 alloy were studied during tensile deformation, by using scanning electron microscopy, X-ray diffraction and transmission electron microscopy. It was found that electopulsing accelerated tremendously phase transformation in two stages, sequentially: (a) quenching from supersaturated state approaching the final stable state, and (b) up-quenching from the final stable state to a higher temperature state. The relationship between plasticity and the dynamic electropulsing is discussed from the point of view of Gibbs free energy, phase transformation and microstructual changes.
Introduction
Most materials are subjected to thermal or thermomechanical processes during the manufacture or in subsequent service. The mechanical deformation induced by external stresses accelerates microstructural change and phase transformation, and affects both the properties of alloys and the efficiency of the processes themselves. It is important to reduce the residual stresses in order to maintain better properties of the deformed alloys. As a newly developed process, electropulsing treatment (EPT) was found to be able to reduce the residual stresses in 1960s. 1) As an alternative to traditional thermal and mechanical processes, EPT has been recognized for its high efficiency, and extensive studies in materials science and engineering have been carried out, in such areas as in electroplasticity, 2, 3) electromigation, 4) recrystallization, 5) phase transformations, [6] [7] [8] [9] and in mechanism of interaction between electrons and lattice atoms and dislocation movement. [10] [11] [12] Also, EPT has been widely applied to materials processing, such as cold drawing, recovering crack and flaws, refining grain size, as well as in biology, environmental protection and in the medical domain. 13, 14) As one of the driving forces for phase transformation and processing, electropulsing is more powerful and more effective than thermal energy. The traditional thermodynamics is not sufficient to explain the electropulsing behaviors, and a new field of the materials science and engineering, named ''Electrondynamics'' is emerging. The studies of the effects of electropulsing on phase transformation and properties of the alloys; mechanism of EPT, such as interaction between electrons and lattice atoms and dislocation movement and annihilation etc. are mainly dealt with in ''Electrodynamics''. It is of important theoretical significance to explore the mechanism and application of the EPT processing.
However, little has been done on the effects of dynamic electropulsing, i.e. a process that combines both thermomechanical treatment and EPT, on the phase transformations of the alloys.
The present work was initiated to study the effect of the dynamic electropulsing on phase transformation and elongation, based on a systematic research on the phase transformation and processing of Zn-Al based alloys (ZA alloys). [15] [16] [17] [18] [19] 
Experimental Procedures
A cast ingot of Zn-Al based alloy of eutectoid composition Zn-22%Al-2.2%Cu (in mass%) was repeatedly extruded at 250 C, to produce gross wire of 9.5 mm in diameter. The gross wire was then repeatedly cold-drawn. Before each colddrawing, the wire was tempered at 250 C for 20 minutes. Finally, the as-received alloy wire was 1.5 mm in diameter. The as-received wire was cut into pieces of 100 mm length for tensile testing, using a CMT5105 universal testing machine. Load and extension were recorded automatically on the chart record, and then engineering stress-strain curves (S-S curve) were plotted. The dynamic EPT was performed onto the wire specimens which were being tensile deformed. A self-made electropulsing generator was applied to discharge positive direction multiple pulses with various current densities by adjusting the controlling parameters. The frequency of the multiple electropulses was selected as 100 Hz. The pulse duration was kept to about 2300 microseconds. During the electropulsing, the root-mean-square (RMS) values of current and pulse peak values were monitored using an oscilloscope with a Hall effect component. A jet oil cooling system was used to cool and protect the surface of the wire specimen. The surface temperature of the specimen was measured by a thermocouple for each test and listed in Table 1 . Various operation parameters such as pulse frequency, current parameters, the pulse peak values of the current, and the surface temperature of the specimen are listed in Table 1 .
Various current intensities were selected as 10 A, 15 A and 20 A. The tensile tests were carried out at the ambient temperature (28 C) with a crosshead speed, i.e. the deformation rate, of 2 mm/min (4.7 times faster than the normal deformation rate of 0.42 mm/min for the ZA alloys). The electropulsing was applied when the ultimate stress was reached (at about 270 MPa).
Longitudinal cross-sections (in the tensile direction, i.e. the direction of electropulsing) of various parts (bulk part, neck zone and rupture part) of the tensile tested specimens of both non-EPT and EPT wire specimens were polished and examined using scanning electron microscopy in the backscattered electron mode (i.e. BSEM) to obtain a medium resolution of atomic number contrast among various phases involved. Phases containing heavier elements, e.g. Zn-rich and " phases, appear as light BSEM images, and those containing light elements, e.g. Al-rich phase etc., are darkimaged. X-ray diffraction examination was performed with a X-ray diffractometer, using nickel-filtered Cu K radiation. The scan speed was 1 min À1 . The characteristic X-ray diffraction measurement for the Zn-Al based alloy was carried out within a range of diffraction angle (2) from 35-47
. Transmission electron microscopy (TEM) examination was carried out using ion-beam thinning, and examined using a JEOL 2000-FXII transmission electron microscope. Thin foil specimens were produced.
Results

Tensile deformation
The applied stress and the resulting strain of the asreceived ZA22 alloy specimens i.e. non-EPT specimens and the EPT alloy specimens with various current intensities: 10 A, 15 A and 20 A, were measured, and the result is shown in Fig. 1 . The elongation of the non-EPT and the 10 A EPT specimens was measured as 4% and found to be 21.5%, respectively. In other words, the elongation of the 10 A EPT specimen significantly increased by 437 per cent at the ambient temperature (28 C) with a high deformation rate (2 mm/min), remained the instantaneous tensile stress unchanged, compared with that of the non-EPT specimen. This was the first time the best elongation of the ZA alloys was obtained at the ambient temperature with a high deformation rate, at no expense of stress. It is commonly recognized that a high temperature and a very slow deformation rate are necessary conditions for a better plasticity of the alloys.
It was also found that the instantaneous tensile stress decreased when the current density of the electropulsing increased. As shown in Fig. 1 , the instant stress of the 20 A EPT specimen was lower by 25 MPa and 40 MPa, compared with that of the 15 A EPT and 10 A EPT specimens, respectively. Normally, a better elongation can be obtained at the expense of stress. Unexpectedly, the elongation of the EPT specimens decreased when the stress reduced, due to the electropulsing. The measured elongation of the 15 A EPT and 20 EPT specimens were 12% and 11%, respectively.
Electropulsing induced phase transformation and
microstructural changes The BSEM observations were carried out on the asreceived specimens. BSEM images of bulk parts, neck zones and rupture parts of the non-EPT and EPT alloy specimens are shown in Figs. 2, 3 and 4, respectively.
The as-received wire specimen consisted mainly of columns of dark-imaged aluminum rich phase in lightimaged zinc rich phase matrix, and particles of lightimaged zinc rich phases " (CuZn 4 ). The phase is of a face center cubic structure (fcc). Both and " phase are of a hexagonal close packed structure (hcp). Because the asreceived specimen underwent repeated extrusion, drawing and tempering, the external stress induced four-phase transformation, þ " ! T 0 þ , was detected in the bulk part of the non-EPT specimen. As one of the products of the fourphase transformation, a small amount of grey-imaged T 0 phase precipitates was observed, as indicated by an arrow in Fig. 2 (a). The T 0 phase is a body center cubic (bcc) phase. As the stress increased, the T 0 phase increased in the neck zone and the rupture part of the tensile deformed specimen, as shown in Fig. 3(a) and Fig. 4(a) , respectively. This tensile stress induced phase transformation has been well studied in previous studies. [20] [21] [22] [23] [24] After 10 A EPT, the grey-imaged T 0 phase increased apparently in the bulk part of the tensile deformed specimen, as indicated by arrows in Fig. 2(b) . This means that the electropulsing accelerated the phase transformation, ( þ " ! T 0 þ ), i.e. a process of ''quenching'' from the supersaturated state approaching the final stable state in the asreceived specimen. Consequently, the amount of the T 0 phase was increased in both the neck zone and the rupture part of the 10 A EPT specimen. Under electropulsing, the decomposition of the supersaturated phases was completed in just a few minutes (the duration of the tensile test). As the current intensity of the electropulsing increased specimens. The amount of grey-imaged T 0 phase in the rupture part of the 20 A EPT specimen ( Fig. 2(d) ) had apparently decreased, compared with that in the rupture parts of the 10 A EPT specimen (Fig. 2(b) ). Obviously, a reverse phase transformation, T 0 þ ! þ ", occurred, in another process, named ''up-quenching''. This reverse phase transformation had never been detected in any thermal, and thermo-mechanical processes in the Zn-Al based alloys. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The above mentioned phase transformation and the reverse phase transformation were detected in the XRD examination.
The X-ray diffractograms of the neck zones of the alloy specimens after EPTs with various current intensities: non-EPT, 10 A, 15 A and 20 A EPTs are shown in Fig. 5 . In the neck zone of the non-EPT specimen, the (110) diffraction peak of the T 0 was observed. After 10 A EPT, the (110) diffraction peak of the T 0 phase increased in height at 2 ¼ 44:4 degree. This means that þ " ! T 0 þ occurred. However, the (110) diffraction peak of the T 0 phase decreased in its height as the intensity of electropulsing increased, as shown in Figs. 5(c) and 5(d), respectively. This implies that there was a reverse phase transformation, T 0 þ ! þ ". This was the first time this reverse phase transformation had ever been detected.
Further details of the phase transformations induced by the dynamic electropulsing were studied by using TEM examination. The neck zones of the 10 A EPT, 15 A EPT and 20 A EPT specimens were examined.
The TEM bright field of the neck zone of 10 A EPT specimen is shown in Fig. 6(a) . Together with the indexed phase is a = 0.2967 nm. In the neck zone of 10 A EPT specimen, the isolated T 0 phase particle was detected 220 nm in diameter in the lamella matrix, without any adjacent " phase being observed. This implies that the four-phase transformation, þ " ! T 0 þ had been completed. This is in agreement with the XRD results.
Both the phases " and T 0 were examined inside the phase columns in the neck zone of the 15 A EPT specimen. Shown in Fig. 7 is the TEM bright field image. According to the identification, the T 0 phase particle is about 200 nm in diameter. The " and T 0 phases were marked in Fig. 7(a) . The indexed diffraction patterns and the dark field images reflected from [02 " The TEM bright field of the neck zone of 20 A EPT specimen is shown in Fig. 8(a) . Three phases, , " and T , and the lattice parameter of the phase is a = 0.4122 nm. The T 0 phase particle is 150 nm in diameter. As shown in Fig. 8(a) , the amount of the " phase (as the product of the reverse transformation) was apparently increased in the neck zone of the 20 A EPT specimen, compared with that of the 10 A EPT and 15 A EPT specimens. This confirmed that by increasing the current density, the reverse four phase transformation 2 23] and the dark field image of (11 " 2 2 " 2 2) reflection of the " phase (c).
developed. This is in a good agreement with the BSEM and XRD results.
In addition to the reverse transformation, T 0 þ ! þ ", decomposition of the Al-rich phase was observed. In the neck zone of the 10 A EPT specimen, a small amount of columnar Al-rich phase rod was dissolved, as indicated by a circle in Fig. 3(b) . After 15 A EPT, the dissolution of the phase became apparent, as indicated by circles in Fig. 3(c) . This implies that another reverse phase transformation, F þ F ! 0 T occurred in the 15 A + tensile deformed specimen.
The phase dissolution was observed only in the neck zones of 10 A and 15 A, but not detected in the 20 A EPT specimen, as shown in Fig. 3(b)-3(d) . It is supposed that because the electropulsing resulted in up-quenching the stable state to a higher temperature state, the reverse phase transformation occurred: F þ F ! 0 T . When the current density is high enough, the electropulsing leads the state of the specimens directly ''up-quenching'' to a higher temperature above the four phase transformation temperature, 268 C. By this up-quenching, the reverse transformation, T 0 þ ! þ ", occurs. Some lower temperature phase transformations, e.g. F þ F ! 0 T , may be missed.
Discussion
Microstructural identity
Both chemical homogeneity and microstructural identity are closely related with the formation of the necking shrinkage, and are important for a better elongation. In the present study, the chemical composition in the as-received specimens was homogenous after repeated extrusion and drawing. Therefore, the microstructure identity is important for a better elongation. For the non-EPT specimen, because of the tensile stress, more precipitates of the T 0 phase were observed in the rupture part of the specimen, compared with that in the bulk part of the non-EPT specimen, as shown in Figs. 2(a) and 4(a) .
In the 15 A and 20 A EPT specimens, the precipitates of the T 0 phase decreased in the rupture parts as shown in Figs. 4(c)  and 4(d) . It was because of electropulsing induced upquenching, and less precipitates was observed, compared with that in the bulk parts of the specimens.
In the 10 A EPT specimens, the electropulsing accelerated decomposition of the phases and the precipitates increased in the bulk part, as shown in Figs. 2(a) and 2(b) . The amount of the precipitate in various parts of the EPT specimens was more or less balanced in the 10 A EPT, as shown in Figs. 2(b), 3(b) and 4(b). Combination of both the microstructural changes resulting from tensile deformation and the electropulsing made it possible to obtain a better microstructural identity in the 10 A EPT specimens. The elongation of the 10 A EPT specimens increased by 437 per cent, compared with that of the non-EPT alloy specimens. This was the best in those three ETP specimens. Better microstructural identity appears to be another important factor for enhancing the plasticity of the alloys.
Driving force of phase transformation in dynamic
EPT specimens The driving force for phase decomposition consists of various parts: chemical Gibbs free energy, surface energy, strain energy and the Gibbs free energy induced by crystal orientation, and the electropulsing induced Gibbs free energy, and so on, as follows:
The chemical Gibbs free energy, ÁG chem , is considered as a main part of the driving force as far as the thermodynamics is concerned. The strain energy, ÁG stress , includes various internal strain energies that may be available e.g. due to thermal stress during solidification of melt, and external strain energies (due to tensile-, creep-, fatigue-, damping-and milling-deformations etc.). 16, [18] [19] [20] [21] [22] [23] [24] In dealing with the decomposition of the nanophases in the films of the Zn-Al based alloys, the surface energy, ÁG surf , and the effects of the preferred crystal orientation included in Gibbs free energy, ÁG orient , become dominant factors in affecting the phase transformations. 16) With addition of electropulsing induced Gibbs free energy, ÁG ep , the total driving force for the phase transformation is increased. From the experimental results, it is clearly found that both the þ " ! T 0 þ and the reverse transformation, T 0 þ ! þ ", occurred consequently in about 7 minutes (the duration of one tensile test). Evidently, the electropulsing accelerated tremendously the phase transformations in two stages:
(1) When ÁG < 0, electropulsing accelerated decomposition of the supersaturated phases in a way of ''quenching'' from the supersaturated state of the as-received alloy specimens approaching the saturated state, i.e. final stable state, where ÁG ¼ 0. In this first stage of the phase transformation, the four-phase transformation occurred, þ " ! T 0 þ . (2) Upon further electropulsing, ÁG became positive, i.e. ÁG > 0, the saturated phases, i.e. the stable phases decompose in a way of ''up-quenching'' to high temperature phases. Two kinds of the reverse phase decomposition occurred:
T , in the second stage of the phase transformation. In the former, the amount of the T 0 phase decreased. While the " phase, as one of the products of the reverse phase transformation, T 0 þ ! þ ", increased, as shown in Fig. 6(a) . In the latter, it was observed that the phase dissolved partly in the neck zone of the 10 A EPT and 15 A EPT specimens, as shown in Fig. 3(b) and 3(c) .
Kinetic considerations
The fact that under electropulsing two stages of phase transformation:
T (up-quenching) occurred sequentially in the short duration of one single tensile test at ambient temperature and a high strain rate reveals that dynamic electropulsing accelerates tremendously phase transformation in the alloy. In previous studies, it was reported that the four phase transformation: þ " ! T 0 þ , occurred after 52 h at 170 C using the conventional ageing processes, and after at least 12 minutes in the tensile deformation. While the reverse phase transformation: T 0 þ ! þ ", has never been observed in any thermal and thermo-mechanical processes (e.g. ageing, tensile, creep, fatigue, and damping etc). [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The reverse phase transformation, F þ F ! 0 T , was observed in one of the external stress induced phase transformations. After 200 h ball-milling, the stable state in the ZA22 alloy was observed to be reversed to a metastable state. 24) It is supposed that under electropulsing electron wind 4) formed by the knock-on collision of high-rate electrons with atomic nuclei, was beneficial to the mobility of dislocations. 6, [25] [26] [27] [28] Under the impact of transient stress, motivated dislocations were very quick, even at ultrasonic speeds. 27) The transfer energy from the electron to the atoms was much more effective than in the traditional thermal and thermomechanical processes. For all diffusion-controlled phase transformations, the effect of the atomic diffusion flux of atoms, j, on both the precipitation rate and the motion of quench-in vacancies and dislocation to the grain boundaries and sinks are important. The electropulsing affected effectively the sliding behavior of the dislocation, and the activity of vacancies.
6) The movement and annihilation of dislocation speed up at the sub-grain boundaries, as the total atom diffusing flux of atoms, j, increases markedly in EPT. The j consists of j t and j a , j ¼ j t þ j a , where j t is the flux of the diffusing atoms due to the thermal effect and j a is the flux of the diffusing atoms owing to the athermal effect. [28] [29] [30] [31] In the present study, the dynamic electropusing was performed at ambient temperature, hence the j t was neglected. According to the previous studies, 29) the j a can be described as in the following equation:
where D l is the intercrystalline diffusion coefficient, k Bolzmann constant, T absolute temperature, K ew electron wind force coefficient, the atom volume, j m the peak current density, N l the intercrystalline atomic density, the specific resistivity, and eZ Ã l effective charges of intercrystalline atoms.
In the equation, the first term of RMS in the bracket represents fluxes of dislocations and the vacancies, which are contributed by the pushing force of electron wind. The second term refers the vacancies induced by the lattice atoms self-diffusion due to electropulsing. The j a , i.e. the j in the present study, increased remarkably with the peak current density, j m . Clearly, the higher j m is imported, the more superior the athermal effect will be. In other words, under dynamic electropulsing, the current density plays important roles both in accelerating insignificantly the diffusional phase transformations and in enhancing the plasticity.
Conclusions
5.1 Electopulsing accelerates tremendously phase transformation in two stages: (1) When ÁG < 0, the supersaturated phases decompose rapidly by ''quenching'' from the supersaturated state of the as-received alloy specimens to the saturated state, i.e. the final stable state, where ÁG ¼ 0. In the present study, the four-phase transformation occurred, þ " ! T 0 þ , was detected. (2) In the second stage, the consequent increase in Gibbs Free Energy, due to the electropulsing (i.e. ÁG > 0), results in ''up-quenching'' of the saturated phases from the final stable state to a higher temperature state. The reverse transformations, e.g. T 0 þ ! þ " and decomposition of the F phase, F þ F ! 0 T , were observed.
5.2
The current density of the dynamic electropulsing is an important factor which significantly affects the phase transformation rate of the alloy.
